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Abstract— Functional neuroimaging plays a key role in ad-
dressing open questions in systems and motor neuroscience
directly applicable to brain machine interfaces. Building on
our low-cost motion capture technology (fMOVE), we devel-
oped f2MOVE, an fMRI-compatible system for 6DOF goal-
directed hand and wrist movements of human subjects enabling
closed-loop sensorimotor haptic experiments with simultaneous
neuroimaging. f2MOVE uses a high-zoom lens high frame rate
camera and a motion tracking algorithm that tracks in real-time
the position of special markers attached to a hand-held object
in a novel customized haptic interface. The system operates
with high update rate (120 Hz) and sufficiently low time delays
(< 20 ms) to enable visual feedback while complex, goal-
oriented movements are recorded. We present here both the
accuracy of our motion tracking against a reference signal and
the efficacy of the system to evoke motor control specific brain
activations in healthy subjects. Our technology and approach
thus support the real-time, closed-loop study of the neural
foundations of complex haptic motor tasks using neuroimaging.
I. INTRODUCTION
Neuroscience has systematically studied sensorimotor
functions for more than 100 years. Common methodological
approaches have involved the use of psychophysical exper-
iments and computational theories of inference and policy
formation [1],[2],[3],[4],[5],[6]. The latter provide insight
into the patterns of adaptive responses in tasks that intro-
duce target, workspace or force-field perturbations [7],[8]
and examine multisensory integration [9], body and world
representation [10] or performance optimization in the face
of sensory and motor noise [11].
However, despite this substantial progress in the investiga-
tion of motor behavior, less advancement has been achieved
in associating motor psychophysics and computational mod-
els of sensorimotor control to their underlying neural foun-
dation. A growing number of studies have attempted to
address this challenge with the use of fMRI technology,
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which they primarily employed during lab-constrained sim-
ple hand reaching movements or non-specific open-loop
manipulations (e.g. finger tapping). The main reason for this
restriction lies in the technical constraints of fMRI, which
is often incompatible to advanced motion tracking systems,
that could monitor more complex motor behavior.
Here we designed and developed, f2MOVE, a novel 6DOF
fMRI-compatible motion tracking system to support realis-
tic object manipulation (haptic) tasks during a neuroimag-
ing session. The development was motivated by a rapidly
growing body of studies that focuses on life-like tasks,
which enable movements in naturalistic settings without the
usual confines of strict lab protocols. This work supports
a better understanding of human natural movement statis-
tics [12],[13], provides insight into the structure of motor
primitives and thus carries, through movement predictability,
direct implications for neuroprosthetic approaches and brain-
machine interfaces [14].
f2MOVE was built upon our low-cost motion capture
technology, fMOVE [15], which we expanded to adjust
to the fMRI environment (Clinical Imaging Facility, Ham-
mersmith Hospital, London). We complemented our sys-
tem with a methodological platform, which can support
closed-loop task contexts to encourage learning based on
online sensory feedback of performance. f2MOVE′s motion
Fig. 1. Frugal innovation for motion tracking: Cost versus efficiency
of established motion tracking systems (not fMRI compatible) against
which f2MOVE (fMRI compatible) is compared. f2MOVE corresponds to
the lowest cost level (camera expenses) and possesses satisfactory motion
tracking performance within the range of state-of-the-art motion trackers
(e.g. Polhemus, Vicon).
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Fig. 2. Experimental setup: (A) displays the system’s components which interact during an actual experimental session (B) to support closed-loop haptic
object manipulation experiments. The object position is tracked by our customized marker-based motion tracker, which provides a PC-run software module
with continuous information about the subject ′s movements. The software platform displays a virtual online feedback of the monitored behavior and
performance, which is in turn presented to the subject via a computer screen and a mirror system adjusted to the scanner. (C) The marked object position
is estimated based on transformations between a marker-based (Xm,Ym,Zm) and a camera-based (Xc,Yc,Zc) coordinate system.
tracking performance lies in the same range as established
fMRI-incompatible motion tracking methods (e.g. in Fig. 1
Vicon with 1DOF motion tracking at 250 Hz, Polhemus
Liberty with 6DOF at 240 Hz). Furthermore, it presents a
significant cost-efficiency benefit compared to other motion-
tracking technologies with advanced features (e.g. Hiball
with 6DOF motion tracking at 2000 Hz, Optotrack with
6DOF at 4600 Hz, Oqus MRI with 6DOF at 1750 Hz).
II. METHODS
A. Hardware
Our system allows a closed-loop interaction of human
subjects lying inside a 3T fMRI scanner and a PC-handled
experimental paradigm (Fig. 2 A,B). Subjects use their
dominant hand to hold and manipulate a compact object so
as to move it correctly between some instructed home and
target orientation. The exact task conditions are displayed
to them via a mirror system built inside the scanner, which
reflects the virtual progression of the task on a computer
screen. Motor performance is tracked by a high-zoom lens,
low cost camera (Playstation 3 Eye) positioned on one of the
scanner room walls, at a 3.5m outside of the scanner, facing
the foot-end view of the cylinder. The camera operates at
a 120Hz frame-rate for a 320 x 240 pixel resolution with
low time delays (<20ms) and can track 6DOF movement
of the object, based on a customized 2D marker adjusted
on the latter. We mounted it on a customized platform that
allows a 6DOF rotation and precice alignment of the camera
orientation with the scanner opening. The motion tracking
system feeds all acquired images into a PC-based software,
module, which monitors motor behavior and determines the
transition between consecutive experimental phases. This
module communicates with the subject via the scanner-based
mirror system, on which it provides visual access to the task
goals, and real-time feedback of motor performance.
B. Continuous closed-loop object manipulation
The camera continuously records images, which support
the estimation of the object position and the visualization of
its virtual analogue based on a software library for designing
Augmented Reality applications (ARToolkit). In particular,
f2MOVE estimates the object position, based on two coordi-
nate systems which are related via an affine transformation
(Fig. 2 C): a camera based (3D) and a marker based (3D).
The marker based Xm and Ym axes are aligned with the
horizontal and vertical marker sides respectively, while Zm
points away vertically from the 2D plane defined by Xm and
Ym. The marker center is located at (Xm,Ym,Zm) = (0,0,0).
The module is designed based on a custom made motorlib C
code library and opengl and operates by defining consecutive
experimental stages as finite states which allow transition,
depending on the monitored motion information.
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Fig. 3. Testing the tracking accuracy: We compared the f2MOVE signal against the signal monitored by Optitrack Flex-13, which was used as reference.
Both signals were acquired simultaneously in a lab setting simulating the experimental conditions of an object manipulation paradigm designed for clinical
studies inside the fMRI environment. The f2MOVE signal demonstrates a satisfactory matching to the reference motion tracking performance (z-signal not
included since movement in this axis is minimal).
We developed a novel haptic interface that includes a light
fMRI-compatible object. The design consists of a plastic
handle, used as the reception for mounting multifaceted
objects of variable shape and dynamics. For the needs of our
first clinical sessions we designed and used an object with
thin cylindrical body that hosted a single marker tractable
by our motion tracking system (Fig. 2 B). Depending on
the needs of the experimental study and the complexity
of the examined movement, the number of markers on the
tracked object can be increased to ensure that occasionally
obscured markers, are substituted by more visible ones. This
offers flexibility to the experimental design and allows us
to investigate motor behavior during haptic interaction with
complex objects.
C. Tracking accuracy
We tested the tracking accuracy of f2MOVE against a
standardized motion tracking system (Optitrack Flex-13). In
particular, our reference is a state-of-the-art infrared marker-
tracking system that offers millimiter resolution of 3D spatial
displacements and operates with accuracy at 100 Hz. In
order to compare the signal acquired by the two systems,
we aligned the f2MOVE camera with one of the three used
Optitrack cameras. We placed 4 Optitrack markers at the
corners of the f2MOVE 2D marker, so as to create a rigid
body with the same center to f2MOVE′s marker center. We
acquired motion information from a healthy female subject,
based on an experimental paradigm designed for the Clinical
Imaging Facility at Hammersmith Hospital, London. In this
paradigm the subject continuously moves the marked object
between an instructed home and target orientation.
After data acquisition, the f2MOVE signal was downsam-
pled to match the reference signal. The two signals were
subsequently aligned temporally by matching the first trial
initiation after a resting period. A mean affine transformation
was estimated for resting period data, to match the f2MOVE
signal to the reference signal, via rotation and translation.
The transformed signals we compared based on RMSE and
R2 to determine f2MOVE tracking accuracy.
III. RESULTS
We tested the operating features and tracking accuracy of
our system, f2MOVE, in lab conditions and inside the fMRI
environment to establish its utility for closed-loop object
manipulation tasks. f2MOVE operates successfully at 120 Hz
frame-rate with low time-delays and tracks 6DOF movement
of the marked object.
f2MOVE′s precise tracking accuracy was estimated
against an established infrared marker-tracking system (Op-
titrack Flex-13) in a lab setting simulating the current exper-
imental setting of our system at the Clinical Imaging Facility
at Hammersmith Hospital, London. We measured motion
information for a task instructing the manipulation of the
experimental object inside a specified orientation range. We
aligned the two acquired signals in the temporal and spatial
domain to achieve matching, after which we estimated their
RMSE difference. Fig. 3 reveals good consistency of move-
ment measurements between f2MOVE and our reference
system, both in the 2 dimensions used for our experimental
paradigm (the execution was instructed on a 2D xy plane
and movement in the z dimension was minimal) and in the
angle rotation domain of the xy plane. The matching between
signals was estimated at R2 = 0.98 and RMSE = 2 mm, R2 =
0.99 and RMSE = 2.6 mm, R2 = 0.99 and RMSE = 1.02 mm,
R2 = 0.99 and RMSE = 4.2◦ for the x,y,z translation and
rotation of the xy plane around the z-axis respectively.
Our tested system was transferred and adjusted to the
fMRI setting at the Clinical Imaging Facility at Hammer-
smith Hospital, London. It was used to support scanning
sessions on healthy subjects during an object manipulation
paradigm. Fig. 4.A illustrates 3D rendered views of activation
patterns for task-versus-rest conditions in our paradigm.
These views reflect the enhanced role of specific brain areas
(e.g. cerebellum, SMA) in error-driven closed-loop object
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Fig. 4. Linking neuroimaging and motor psychophysics: f2MOVE enabled
fMRI sessions on a healthy subject during a closed-loop object manipulation
task, equivalent to the one tested in our simulated lab conditions (moving
object between home and target orientation). (A) Our methodological
platform allowed the acquisition of cortical activation patterns in task-
versus-rest conditions. An examination of these patterns reveals the role
of the cerebellum and SMA in error-driven motor learning. Network-level
analysis can support a further understanding of the neural implementation
of motor behavior in complex naturalistic manipulations. (B) The object
orientation and (C) angular velocity over time (trial start at 0 ms). across
trials can be examined in parallel with the cortical activation patterns, so
as to determine behavioral performance measures that can be subsequently
employed as regressors against the fMRI signal.
manipulations. Furthermore, the simultaneously acquired be-
havioral data (Fig. 4.B,C) can be regressed against activation
patterns to examine neural correlates of behaviorally deter-
mined motor control mechanisms. Such approaches can shed
further light into the foundation of sensorimotor functions in
naturalistic motor tasks, such as the one examined by our
system.
IV. CONCLUSION
We designed and developed an fMRI-compatible haptic
object manipulation system (f2MOVE) for closed-loop 6
DOF motor control studies. We built upon our previously
developed 3 DOF marker-based motion tracking system to
adjust our technology to the fMRI environment and to expand
it so as to accommodate motor experiments with goal-
directed hand and wrist movements as well as the interaction
with objects of variable dynamics.
f2MOVE poses technical benefits for high frequency data
acquisition inside the fMRI environment, which is commonly
incompatible to most currently established motion tracking
systems. Moreover, building on our previous experience on
low-cost wearable kinematic body-sensor networks [16], we
aimed at developing an easily affordable neurotechnological
tool. Its cost is limited to the customized camera price, in
contrast to the expences involved in fMRI-compatible motion
tracking approaches which rely on a robotic manipulandum
for motion detection and/or perturbation [17],[18]. f2MOVE,
thus offers an accessible technological and methodological
platform to re-approach the objectives of motor neuroscience
in examining the neural foundation of sensorimotor con-
trol and learning. It also supports the design of clinically-
valuable behavioral and neuroimaging markers to monitor
motor coordination in healthy or pathological cases (e.g.
neurodegenerative diseases).
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